.-Oxygen-based therapies expose lung to elevated levels of ROS and induce lung cell damage and inflammation. Injured cells are replaced through increased proliferation and differentiation of epithelial cells and fibroblasts. Failure to modulate these processes leads to excessive cell proliferation, collagen deposition, fibrosis, and chronic lung disease. Poly(ADP-ribose) polymerase-1 (PARP-1) is activated in response to DNA damage and participates in DNA repair, genomic integrity, and cell death. In this study, we evaluated the role of PARP-1 in lung repair during recovery after acute hyperoxia exposure. We exposed PARP-1 Ϫ/Ϫ and wild-type mice for 64 h to 100% hyperoxia and let them recover in air for 5-21 days. PARP-1-deficient mice exhibited significantly higher lung cell hyperplasia and proliferation than PARP-1 ϩ/ϩ animals after 5 and 10 days of recovery. This was accompanied by an increased inflammatory response in PARP-1 Ϫ/Ϫ compared with wild-type animals, characterized by neutrophil infiltration and increased IL-6 levels in bronchoalveolar lavages. These lesions were reversible, since the extent of the hyperplastic regions was reduced after 21 days of recovery and did not result in fibrosis. In vitro, lung primary fibroblasts derived from PARP-1 Ϫ/Ϫ mice showed a higher proliferative response than PARP-1 ϩ/ϩ cells during air recovery after hyperoxiainduced growth arrest. Altogether, these results reveal an essential role of PARP-1 in the control of cell repair and tissue remodeling after hyperoxia-induced lung injury.
OXYGEN IS USED FOR THERAPY of patients suffering from respiratory distress syndrome (IRDS, ARDS). However, breathing oxygen-enriched air exposes the lung to elevated levels of reactive oxygen species (ROS) (41) . Hyperoxia-induced lung injury is characterized by extensive parenchymal cell death, which is mediated by both apoptosis and necrosis. The cells of the alveolocapillary barrier are directly damaged, and additional injury occurs by the concomitant inflammatory response resulting in capillary leak and alveolar edema (4) . Following oxidative damage, injured and dead cells are replaced through increased proliferation and differentiation of type II epithelial cells and fibroblasts (1, 48) . However, failure to modulate these processes leads to excessive cell proliferation, increased collagen deposition, and pulmonary fibrosis, also named chronic lung disease (CLD) (14) . Therefore, a regulated cell replacement is necessary for correct repair after acute lung injury.
In response to hyperoxia-induced stress, cells are stopped at specific checkpoints of the cell cycle to prevent DNA mutations. Cell cycle-regulating proteins, such as the tumor suppressor p53 or the cyclin-dependent kinase inhibitor p21, inhibit the progression trough cell cycle and cell proliferation to allow DNA repair (42) . When damage is too strong to be repaired, the same molecules can direct the cell toward apoptotic cell death (11, 32) . Poly(ADP-ribose) polymerase-1 (PARP-1) is the most abundant nuclear enzyme of the PARP family, which is activated in response to DNA damage and participates in DNA repair, genomic integrity, and cell death. PARP-1 binds rapidly to DNA strand breaks and adds branched poly(ADP-ribose) polymers, using nicotinamide adenine dinucleotide (NAD ϩ ) as a substrate, on itself and other nuclear proteins, such as histones, to facilitate the action of DNA repair enzymes (39) . PARP-1 is also implicated in cell death. Cleavage of PARP-1 by caspases is a hallmark of apoptosis, whereas excessive DNA damage induces massive PARP activation and necrotic cell death by ATP depletion (20, 44) . Inhibition of PARP activity and PARP-1 genetic disruption have been correlated with decreased injury and enhanced cell survival in several experimental mouse models and also with chromosome instability and tumor sensitivity (6, 46, 51, 54) . Our group has previously shown that PARP-1 activity is induced in response to acute hyperoxia (100% O 2 ) both in vitro and in vivo and has studied its role in hyperoxia-induced cell death (36) .
In the present study, we evaluated the role of PARP-1 in lung repair during recovery after acute hyperoxia exposure, using PARP-1 knockout mice (9, 53) . Mice lacking PARP-1 molecule presented excessive lung cell proliferation and hyperplasia, accompanied by a strong inflammatory response, compared with wild-type mice exposed to the same conditions. These in vivo results correlated with a higher proliferative response of primary lung fibroblasts derived from PARP-1 Ϫ/Ϫ mice during recovery after hyperoxia. Altogether, these data suggest that PARP-1 is a crucial molecule in regulating lung cell proliferation and repair after hyperoxia-induced acute injury.
MATERIAL AND METHODS

Oxygen Exposure and Recovery
PARP-1 Ϫ/Ϫ mice (Sv129 genetic background) and their littermates (PARP-1 ϩ/ϩ) were kindly provided by the laboratory of Z. Q. Wang (Centre International de Recherche sur le Cancer, Lyon, France) and bred in our animal facility. The generation and characterization of these mice have been described in detail previously (53) . Absence of PARP-1 gene in mice was confirmed by PCR of genomic DNA according to published conditions, and PARP-1 protein deletion was confirmed by Western blot analysis (36, 46) . Twelve-to 14-wkold PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice were kept in room air or placed in a sealed Plexiglas chamber and exposed to 100% O 2 for 64 h and then allowed to recover in room air for 5, 10, or 21 days. In some experiments (recovery for 5 and 10 days), mice, when removed from hyperoxia, were injected daily with 5-bromo-2Ј-deoxyuridine (BrdU; 1 mg /mice; Sigma-Aldrich, Buchs, Switzerland) intraperitoneally, according to previously described protocols (3). Animals were then killed, and the right lung was immediately frozen in liquid nitrogen and stored at Ϫ80°C for further analysis. The left lung was formalin fixed (4% in 1ϫ PBS) for histological analysis. Alternatively, lungs were instilled intratracheally with OCT (Sakura, Zoeterwoude, The Netherlands), immediately frozen in 2-methylbutane isopentane, and stored at Ϫ80°C for immunohistochemistry on cryosections.
As an alternative approach, PARP-1 ϩ/ϩ mice were treated with the PARP inhibitor PJ34 (Alexis, Lausanne, Switzerland). Briefly, animals were exposed to hyperoxia for 64 h and allowed to recover in air for 10 days. Mice were injected intraperitoneally with either saline solution or PJ34 (10 mg/kg) at time 0, after 48 h of hyperoxia, and at day 1 of air recovery after hyperoxia, according to previous protocols (24, 50) . Mice were killed, and lung histology was performed. All study protocols were approved by the local ethical committee on animal experiments (Office Vétérinaire Cantonal of Geneva).
Lung Histology
After fixation, lung was dehydrated in 70% ethanol and embedded in paraffin according to standard procedures. Sections were stained with hematoxylin and eosin (H&E) or Masson's trichrome blue for specific detection of collagen.
Quantification of Hyperplastic Regions
Serial images of lung sections stained with H&E were acquired at a fivefold magnification with a digital camera connected to a microscope (10 -15 images per lung, 8 animals per condition; Axiocam, Zeiss, Düsseldorf, Germany). Tissue density of lung sections was measured using MetaMorph 6.1 software (Universal Imaging, Downingtown, PA) and expressed as a percentage of total lung section surface.
Immunohistochemistry
For BrdU labeling, slides were deparaffinized, rehydrated, and treated with 0.5% H 2O2 in methanol to inactivate the endogenous peroxidases. Antigen retrieval was made by treating cells with 2 N HCl for 10 min and successively with proteinase K (0.3 mg/ml) for 5 min. Samples were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline (1ϫ TBS) and incubated with a horseradish peroxidase-conjugated anti-BrdU antibody (Roche Biotechnology, Basel, Switzerland). The peroxidase activity was revealed with the addition of the substrate 3,3Ј-diaminobenzidine tetrahydrocloride (Sigma-Aldrich). Finally, sections were counterstained with hemalun. Normal mouse IgG were used instead of the primary antibody as negative control for nonspecific binding.
For triple staining, lung cryosections (0.4 m) were fixed in acetone-methanol solution, blocked with 5% goat serum in 1ϫ TBS, and incubated overnight at 4°C with a rabbit polyclonal anti-surfactant protein C antibody (SP-C; Chemicon, Temecula, CA), a mouse monoclonal anti-vimentin antibody (clone V3B4; DakoCytomation, Baar, Switzerland), and a monoclonal rat anti-CD45 antibody (BD Biosciences, San Diego, CA). Alternatively, slides were incubated with anti-SP-C, anti-vimentin, and a monoclonal rat anti-Mac-1 antibody (Caltag Laboratories). After washing, sections were incubated with a goat anti-rabbit-Cy5-coupled antibody (Jackson ImmunoResearch, Suffolk, UK), a goat anti-mouse-Texas redcoupled antibody (Jackson ImmunoResearch), and a goat anti-rat-FITC-coupled antibody (Jackson ImmunoResearch). After washing, slides were mounted using Mowiol. Sections were analyzed with a confocal microscope (LSM 510; Zeiss, Dü sseldorf, Germany; Plan-Neofluar ϫ40/1.3 oil objective) connected to a digital camera. Images were taken and analyzed using Image J software.
Lung Hydroxy-Proline Content
Lungs were weighed and homogenized. Hydroxy-proline (HOproline) content in lung hydrolysates was determined according to methods previously described (10) . Data (in g of HO-proline per lung, n ϭ 7) are expressed as relative increases over respective controls, set as 1 (means Ϯ SD).
Analysis of Bronchoalveolar Lavage Fluids
Bronchoalveolar lavage fluid cell count. Mice were anesthetized, and the bronchoalveolar lavage fluids (BALFs) were obtained by washing intratracheal lung three times with 0.7 ml of physiological solution (0.9% NaCl, 2 ml of total BALFs). Cells were counted using a CASY 1 cell counter (RJF Sales, Scotch Plains, NJ). BALFs were then spun at 400 gfor 5 min, and supernatants were aliquoted and frozen at Ϫ80°C.
BALF cell distribution. The BALF cell pellet was resuspended in 1ϫ PBS-1% BSA and spun in a microfuge for cytospin (700 g). BALF cell distribution was quantified on cytospin (ϫ40 magnification) after staining with the Diff-Quick staining set (Dade Behring, Newark, DE). Results are expressed as percentages of leukocyte subsets.
BALF protein content. The BALF protein concentration was determined in BALF supernatants by using Bradford's method (BCA; Bio-Rad Laboratories, Hercules, CA).
Mouse cytokine antibody array. Pools of BALF supernatant from PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ animals (n ϭ 7 in each group), exposed to hyperoxia for 64 h and recovered in air for 5 days, were incubated with the RayBio mouse cytokine antibody array membranes (RayBiotech, Norcross, GA) overnight. Cytokines in BALF were then detected according to the manufacturer's instructions.
Transforming growth factor-␤1 assay. Active transforming growth factor-␤1 (TGF-␤1) content was measured on BALF supernatant using ELISA (DuoSet ELISA for mouse TGF-␤1; R&D Systems, Abingdon, UK). Results are expressed as picograms per milliliter (means Ϯ SD).
Analysis of Infiltrating Cells in Total Lung Tissue
Mice were anesthetized with an intraperitoneal injection of pentobarbital (Abbott, Baar, Switzerland), the thoracic cage was opened, and lungs were washed by flushing the right ventricle with saline solution. Lungs were then removed, dissociated by dispase-hyaluronidase digestion (2 mg/ml each; Sigma-Aldrich), and filtered through a 70-m nylon filter to remove aggregates (25) . Single-cell suspensions were washed in 1ϫ PBS and labeled with 7-amino-actinomycin D (7-AAD), biotinylated-anti-CD45 antibody, followed by streptavidin-FITC, and anti-Mac-1-phycoerythrin (PE) antibody. Cells were then analyzed by flow cytometry with a FACSCalibur cell analyzer (BD Biosciences). For analysis, dead (7-AADϩ) cells were excluded, and inflammatory (CD45ϩ) cells were gated and analyzed for the pres-ence or absence of the Mac-1 myeloid cell marker to classify myeloid (CD45ϩ, Mac-1ϩ) and lymphoid (CD45ϩ, Mac-1Ϫ) cells. To better characterize the myeloid cell subpopulations, we labeled cells with 7-AAD (Molecular Probes), anti-Mac-1-PE, anti-GR1-allophycocyanin (Caltag Laboratories), and anti-F4/80-FITC (Caltag Laboratories). On living (7-AAD negative) cells, total Mac-1ϩ myeloid cells were gated and analyzed for staining with anti-GR1 and anti-F4/80. This triple staining enables discrimination among granulocytes (Mac-1ϩ, GR1ϩ, F4/80Ϫ), inflammatory macrophages (Mac-1ϩ, GR1ϩ, F4/80ϩ), and resident macrophages (Mac-1ϩ, GR1Ϫ, F4/ 80ϩ), as reported previously (16, 23) . Results are expressed as percentages of positive cells.
Lung Myeloperoxidase Content
Frozen right lung was homogenized in 0.5% hexadecyltrimethylammonium (in 50 mM KH 2PO4, pH 6.0, and 0.5 mM EDTA, 1 ml/100 mg tissue) and centrifuged at 12,000 g for 15 min at 4°C. Supernatant was kept at Ϫ20°C until protein determination and myeloperoxidase (MPO) measurement. The enzymatic reaction was measured using 50 g of protein in a reaction mix containing 94 mM KH 2PO4, pH 6.0, and 0.2 mg/ml o-dianisidine. Absorbance was measured at 460 nm at time 0 (basal value) and every each 30 s during the 2 min following addition of H 2O2 (final concentration 4 M). Activity was expressed as the change in optical density per minute per milligram of protein.
Western Blot Analysis of p21 in Total Lung
Thirty micrograms of total lung homogenates were loaded on a gel for SDS-PAGE electrophoresis and blotted to nitrocellulose membranes (Amersham International, Amersham, UK). Membranes were blocked overnight in TBS-T buffer (0.2 M Tris, pH 7.6, 1.5 M NaCl, and 0.1% Tween 20) in 5% milk and incubated with an anti-p21 specific antibody (BD Pharmingen, San Diego, CA). Horseradish peroxidase-conjugated anti-rabbit IgG (Bio-Rad Laboratories) was used as secondary antibody. Bands were visualized with a chemiluminescent substrate (ECL; Amersham International). Anti-actin antibody was used as a control for total protein loading.
Isolation of Primary Lung Fibroblasts
Primary mouse lung fibroblasts were isolated from lung explants of PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice and grown in Dulbecco's modified Eagle's medium (DMEM; 1,000 mg/l glucose; SigmaAldrich), supplemented with 1% penicillin-streptomycin and 10% FCS. Cells were cultured in normoxia (5% CO 2-21% O2) or hyperoxia (5% CO2-95% O2) as described previously (36) .
Cell Proliferation Assays
Analysis of BrdU incorporation. Cells were exposed to hyperoxia (100% O2) for 64 h. After this time, medium was changed and cells were cultured under normoxic conditions for 1 and 2 days. BrdU was added (20 M final concentration) for the last 14 h. To measure BrdU incorporation in air and hyperoxia (65 h) conditions, BrdU was added 1 h before cells were harvested. At each time point, cells were fixed, labeled with an anti-BrdU antibody (FITC-conjugated mouse monoclonal anti-BrdU antibody; BD Pharmingen), and stained with propidium iodide for cell cycle analysis, according to published protocols (22) . Samples were then analyzed with a FACScan flow cytometer (BD Biosciences Pharmingen, Heidelberg, Germany). 
Western Blot Analysis of Cleaved Caspase-3 in Primary Lung Fibroblasts
Cells were plated in 100-mm petri dishes (800,000 cells/condition) and exposed to hyperoxia for 64 h. After that time, medium was changed and cells were incubated in air for 1 and 3 days, respectively. At each time point, cells were washed and harvested. Western blot analysis was performed on total protein extracts (70 g) with anticleaved caspase-3 antibody (Cell Signaling, Hitchin, UK). Anti-actin antibody was used for control of protein loading. Thymus extract (25 g of protein) from a mouse treated with 250 g of dexamethasone (intraperitoneally) and killed 6 h later was loaded as a positive control.
Statistical Analysis
For all parameters measured, the values for all animals and samples in different experimental conditions were averaged and the SD of the mean was calculated. The significance of differences between the values of the groups was determined with an unpaired-Student's t-test. Where appropriate, two-way ANOVA with Bonferroni posttest was used. Significance levels were set at P Ͻ 0.05.
RESULTS
PARP-I-Deficient Mice Present Excessive Lung Cell Proliferation During Recovery After Acute Hyperoxia
We exposed PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice to 100% hyperoxia for 64 h and let them recover in air for 5-21 days before analysis of lung histology. At 5 (not shown) and 10 days of recovery, lung sections from wild-type animals exhibited normal alveolarization with some thickening of alveolar septa. Low inflammatory cell infiltration and no evident collagen deposition, as shown by Masson staining, were observed in these animals (Fig. 1A, a and inset) . In contrast, lung sections from PARP-1 Ϫ/Ϫ mice presented high cell hyperplasia, proliferation, and inflammatory cell infiltration. Collagen deposition was barely detectable in the hyperplastic regions (Fig.  1A, b and inset) . The quantification of lung tissue density, as shown in Fig. 1B , revealed similar baseline values in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice exposed to normoxia (18.14 Ϯ 1.72% in PARP-1 ϩ/ϩ vs. 18.35 Ϯ 2.59% in PARP-1 Ϫ/Ϫ). However, after 10 days of air recovery following hyperoxia exposure, lung sections from PARP-1 Ϫ/Ϫ mice presented a significantly higher tissue density compared with PARP-1 ϩ/ϩ mice (25.80 Ϯ 8.66% in PARP-1 ϩ/ϩ vs. 43.07 Ϯ 13.63% in PARP-1 Ϫ/Ϫ, P Ͻ 0.001), due to the high cellularity and the hyperplastic regions. Interestingly, when wild-type mice were exposed to the same conditions and treated with the potent PARP inhibitor PJ34 (28, 50), we observed a similar phenotype after 10 days of air recovery (Supplemental Fig. S1 ; supplemental data for this article is available online at the American Journal of Physiology-Lung Cellular and Molecular Physiology website), confirming that cell hyperplasia induced in PARP-1 Ϫ/Ϫ mice was specific to the absence of PARP-1 protein and its enzymatic activity.
To analyze whether cellular hyperplasia was followed by fibrosis development, we analyzed histology at later time points after air recovery. After 21 days of air recovery, lung architecture of PARP-1 Ϫ/Ϫ recovered partially. Less hyperplastic regions were observed, indicating that the proliferative lesions were reversible (Fig. 1A, c and d) .
Proliferating cells in lung sections were characterized by immunohistochemistry. After 10 days of air recovery, few BrdU-positive cells were found in PARP-1 ϩ/ϩ lungs, whereas extensive BrdU incorporation was observed in hyperplastic regions of PARP-1 Ϫ/Ϫ sections ( Fig. 2A) . Triple staining of lung sections showed that SP-C (blue staining)-and vimentin (red staining)-positive cells accumulated in these area of intense proliferation (Fig. 2B, compare a vs. e for SP-C staining, and b vs. f for vimentin staining), suggesting that proliferating cells were epithelial type II and mesenchymal cells. A great number of inflammatory CD45-positive cells were recruited into the lesions (Fig. 2B, g ). Interestingly, CD45-positive cells appeared closely associated to vimentinpositive structures (see Fig. 2B, h and inset) .
Although strong lung tissue hyperplasia was present, we were not able to detect the presence of myofibroblasts, which are considered the hallmark of fibrotic lesions (38, 52) . Indeed, as shown in Fig. 3A , cells positive for ␣-smooth actin were clearly evident in the wall of large airways, whereas staining was absent in the hyperplastic regions of PARP-1 Ϫ/Ϫ lung sections. This result was in agreement with the poor collagen deposition observed in histological preparations (Fig. 1A , detail) and with the similar baseline HO-proline content measured in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ lungs at 10 and 21 days of recovery (Fig. 3B) . In summary, these data show that the absence of PARP-1 increases epithelial and fibroblastic cell proliferation and hyperplasia, without myofibroblast differentiation or extensive deposition of mature collagen, after exposure to acute hyperoxia and recovery in air.
Absence of PARP-1 Increases Lung Inflammatory Response During Air Recovery
On the basis of results from immunohistochemical analysis, showing increased amounts of infiltrating inflammatory cells in lung hyperplastic regions, we analyzed the BALF contents of PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice after 5 days of recovery (HϩR 5d). Total protein content and cell number were significantly higher in PARP-1 Ϫ/Ϫ compared with PARP-1 ϩ/ϩ BALFs (Fig. 4, A and B) . Analysis of BALF cell distribution showed that neutrophil content was significantly increased in PARP-1 Ϫ/Ϫ compared with PARP-1 ϩ/ϩ BALFs (Fig. 4C) .
To better characterize the infiltrating cell population, we performed flow cytometry analysis of lung cells, after total lung dissociation, from PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice exposed to hypoxia and recovery for 5 days. The total CD45ϩ inflammatory cell population was gated and analyzed for the presence or absence of the myeloid cell marker Mac-1. The proportion of myeloid (Mac-1ϩ, CD45ϩ) cells was significantly increased in lung cell preparations of PARP-1 Ϫ/Ϫ compared with PARP-1 ϩ/ϩ mice. Inversely, the percentage of lymphoid (CD45ϩ, Mac-1Ϫ) cells was significantly reduced in the same samples (Fig. 5, A and B) . These results were confirmed by immunohistochemical analysis showing the accumulation of Mac-1ϩ cells in the hyperplastic regions of PARP-1 Ϫ/Ϫ lung sections (Supplementary Fig. S2 ). Analysis of myeloid cell subsets confirmed a higher accumulation of granulocytes (GR1ϩ, F4/80Ϫ) in the lungs of PARP-1 Ϫ/Ϫ compared with PARP-1 ϩ/ϩ mice, although values were not significantly different (Fig. 5C) . Inflammatory (GR1ϩ, F4/ 80 ϩ) and resident (GR1Ϫ, F4/80 ϩ) monocyte/macrophages were also found to be increased in PARP-1 Ϫ/Ϫ lungs (Fig.   5C ). According to these results, MPO activity, a marker for neutrophil infiltration (2), was significantly induced in PARP-1 Ϫ/Ϫ lung extracts but not in wild-type animals (Fig. 5D) .
The pattern of inflammatory cytokine secretion was analyzed in a pool of BALFs from PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice (n ϭ 7) exposed to hyperoxia and recovery by using cytokine array blot analysis. As shown in Fig. 6A , inflammatory mediators such as monocyte chemotactic protein (MCP)-1 (Fig. 5A, B7-B8 ), KC (J5-J6), and LIX (M5-M6) were equally secreted in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ BALFs. However, the proinflammatory IL-6 cytokine was detected only in PARP-1 Ϫ/Ϫ BALFs, not in PARP-1 ϩ/ϩ (Fig. 5A, C5-C6) . Similarly, spots corresponding to CXCL13/BLC (G1-G2) and to insulin-like growth factor binding protein-5 (IGFBP-5; H3-H4) were stronger in PARP-1 Ϫ/Ϫ than in PARP-1 ϩ/ϩ BALFs.
We also analyzed BALFs for the presence of the active form of profibrotic TGF-␤1 by ELISA assay. In both PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mouse lungs active TGF-␤1 was produced in significant amounts during recovery after hyperoxia exposure compared with air conditions. However, no significant difference was found between hyperoxia-exposed and airrecovered PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice (Fig. 6B) . In summary, these data show that absence of PARP-1 results in a strong inflammatory response during recovery after hyperoxia with transient tissue hyperplasia but without fibrosis.
PARP-1 Deficiency Does Not Affect p21 Regulation In Vivo
PARP-1 is known to interact with the cell cycle-regulating proteins p53 and p21 (15, 55) . Interestingly, the absence of p21 affects lung repair and increases cell proliferation during recovery after hyperoxia exposure in mice (45) . We wondered whether PARP-1 could regulate cell proliferation via p21 and analyzed p21 expression during hyperoxia and recovery. Oxygen exposure strongly induced p21 mRNA (not shown) and protein expression, compared with air conditions, in both mouse strains (Fig. 7) , as previously described (35) . We confirmed that p21 mRNA amounts were downregulated during air recovery (not shown) (45), whereas p21 protein levels remained elevated in both PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ lungs (Fig. 7) . According to these results, we can conclude that hyperplasia and excessive cell proliferation due to the absence of PARP-1 is not dependent on p21 regulation.
Absence of PARP-1 Affects the Proliferative Response of Primary Lung Fibroblasts After Exposure to Acute Hyperoxia
During acute hyperoxia, cells undergo cell cycle arrest and stop to proliferate to repair DNA damage (13, 32) . PARP-1 is known to participate to these events (20) . To understand the mechanisms leading to excessive lung cell proliferation following oxygen-induced cell damage, we exposed lung primary fibroblasts derived from PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ lungs to hyperoxia for 64 h and tested their ability to escape hyperoxia-induced cell growth inhibition and to proliferate during air recovery after exposure to hyperoxia by measuring BrdU incorporation into duplicating DNA. PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ presented the same percentage of BrdU-incorporating cells in air conditions (Fig. 8A) . After hyperoxia exposure, both cell strains stopped to synthesize DNA, as shown by the lack of BrdU incorporation (Fig. 8A) . During the first 24 h of air recovery, a small proportion of cells started again to incorporate BrdU, although the percentage of BrdU-positive PARP-1 Ϫ/Ϫ cells was higher than that of PARP-1 ϩ/ϩ cells (Fig. 8A) . This difference was more pronounced after 48 h (Fig. 8A) . Similar results were obtained by measuring [ 3 H]thymidine incorporation of cells during recovery. Indeed, although cell proliferation was low during the first 24 h of recovery in both cell types, [ 3 H]thymidine incorporation was significantly higher in recovering PARP-1 Ϫ/Ϫ than in PARP-1 ϩ/ϩ cells after 2-3 days of recovery (Fig. 8B) . Interestingly, enhanced proliferative response of PARP-1 Ϫ/Ϫ fibroblasts after hyperoxia correlated with a lower level of active caspase-3 in total lysates of PARP-1 Ϫ/Ϫ cells. Indeed, hyperoxia induced similar cleavage of caspase-3 in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ fibroblasts, as shown by Western blotting (Fig. 9) . However, after 1 day of air recovery, cleaved caspase-3 was downregulated in PARP-1 Ϫ/Ϫ cells, whereas it was still present in PARP-1 ϩ/ϩ fibroblasts and was downregulated only after 3 days (Fig. 9) . These experiments indicate that the absence of PARP-1 favors reentry of cells in the cell cycle during the recovery phase following hyperoxiainduced arrest and correlates with a decreased level of cleaved caspase-3. Fig. 7 . Analysis of p21 expression. Total lung lysates (30 g) were analyzed by Western blotting. Actin was used as control of charge. One representative experiment of 3 is shown. Hox 64h, mice exposed to hyperoxia for 64 h. Fig. 6 . Cytokine analysis in BALFs from mice exposed to HϩR 5d. A: a pool of BALFs from PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice exposed to HϩR 5d was tested using a cytokine antibody array. Spots similarly expressed in the 2 samples are: B7-B8, monocyte chemotactic protein-1; J5-J6, KC; M5-M6, LIX. Spots differentially expressed (circles) are C5-C6, IL-6; G1-G2, CXCL13/BLC; H3-H4, insulin-like growth factor binding protein-5. B: the active form of transforming growth factor-␤1 (TGF-␤1) was quantified in BALFs by performing ELISA. Values are expressed as pg/ml (means Ϯ SD; n ϭ 9). ***P ϭ 0.001, air vs. H ϩ R 5d.
DISCUSSION
PARP-1 has been defined as the guardian angel of the genome, since it participates in DNA repair after low levels of DNA damage and is involved in cell death when injury is too strong (12, 31) . We formerly showed that acute hyperoxia (100% O 2 for 72 h) induces strong PARP activity in vitro and in vivo. However, although in vitro epithelial cell necrosis was dependent on PARP activation, absence of PARP-1 or treatment with the PARP inhibitor 3-aminobenzamide (3-AB) was not sufficient to prevent acute hyperoxic injury in vivo (36) . In the present study, we showed the essential role of PARP-1 in controlling alveolar cell repair after hyperoxia-induced genotoxic stress.
Breathing enriched oxygen concentration (Ͼ90%) induces strong oxidative stress leading to endothelial and epithelial lung cell damage, consequent alveolocapillary barrier disruption, edema, and animal lethality (21, 26) . However, when exposed for a shorter time period (48 -65 h), mice generally survive, showing increased cell proliferation of type II epithelial cells and fibroblasts and mild inflammation (26, 45, 48) . Lung cell proliferation can be assessed by the analysis of BrdU incorporation into dividing DNA or detection of the replication-related molecules pCNA antigen and H3.2 histone. These molecules are induced early during air recovery after hyperoxia (48 -72 h of recovery) and are downregulated at later time points (5-10 days of recovery) in mice and rat lungs and in purified type II epithelial cells from recovered animals (8, 26, 45) . In the present study we confirmed that wild-type PARP-1 ϩ/ϩ mice present low amounts of BrdU-positive cells after 5-10 days of air recovery from hyperoxia, indicating that signaling allowing cell repair and proliferation was already induced. However, the absence of PARP-1 promoted lung cell proliferation and hyperplasia, which was exacerbated and maintained after 5-10 days. Cells in the hyperplastic regions of PARP-1 Ϫ/Ϫ lungs were positive for anti-BrdU staining and were mostly type II epithelial cells and fibroblasts. Interestingly, previous observations on PARP-1 Ϫ/Ϫ mice older than 6 mo showed that these mice can be affected by extensive epidermal hyperplasia and cell hyperproliferation (53) . Indeed, it has been proposed that following an environmental stress, the absence of PARP activity may influence the elimination of cells containing damaged DNA, which could escape growth control. Interestingly, treatment of wild-type mice with the potent PARP inhibitor PJ34 induced lung cell hyperproliferation similar to that in PARP-1 Ϫ/Ϫ mice, suggesting that excessive lung repair after acute hyperoxia exposure of PARP-1 Ϫ/Ϫ mice was specific to the absence of PARP Fig. 8 . Analysis of cell proliferation during recovery after hyperoxia exposure. A: BrdU incorporation of primary lung fibroblasts in air, hyperoxia (Hox 64h), and recovery (HϩR 1d, HϩR 2d) was measured using an anti-BrdU-FITC antibody and analyzed using flow cytometry. Fluorescence intensity is represented by histograms. One representative experiment of 3 is shown. B: the rate of [ 3 H]thymidine incorporation of primary lung fibroblasts during recovery (HϩR 1d, 2d, and 3d) was expressed as cpm (mean of quadruplicates Ϯ SD). One representative experiment of 3 is shown. ***P Ͻ 0.001, PARP-1 ϩ/ϩ vs. PARP-1 Ϫ/Ϫ. Fig. 9 . Western blot analysis of cleaved caspase-3 was performed on total cell lysates (70 g) of PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ primary lung fibroblasts exposed for 64 h to hyperoxia (Hox) and allowed to recover in air for 1 (HϩR 1d) to 3 days (HϩR 3d). Anti-actin antibody was used for control of protein loading. Dex represents thymus extract (25 g of protein) from a mouse treated with 250 g of dexamethasone (intraperitoneally) and killed 6 h later, used as a positive control. One representative Western blot is shown.
activity. Our results add evidence for a PARP-1-dependent control of cell repair in vivo. PARP-1 is known to exert DNA repair and maintain genomic stability following DNA damage by interacting with cell cycle-regulating molecules such as p53 and p21 (15, 49) . p53 and p21 are induced by hyperoxia in vitro and in vivo and are mediators of G 1 cell cycle arrest and repair (19, 34, 35) . Interestingly, mice lacking p21 that were exposed to acute hyperoxia and subsequent air recovery presented excessive lung remodeling and inflammation similar to that of PARP-1 Ϫ/Ϫ animals (45) . Moreover, inhibition of PARP-1 activity has been correlated with downregulation of p21 and mdm2 expression in vitro (49, 55) . We therefore tested whether signaling via p21 was affected by the lack of PARP-1 in vivo. We confirmed that hyperoxia-mediated DNA damage induces the expression of p21 in total lungs (35, 45) . However, p21 was similarly regulated during and after hyperoxia in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ lungs, suggesting that PARP-1-dependent cell repair function is not mediated by the p53/p21 signaling pathway in these conditions. Alternatively, PARP-1 may act downstream of p53/p21-mediated signal transduction in our experimental model.
Besides elevated tissue proliferation and hyperplasia, lung lesions in PARP-1 Ϫ/Ϫ mice were highly reduced at 21 days after recovery, indicating that hyperplasia was reversible and did not convert to fibrosis, with evident collagen deposition. Accordingly, secretion of the active form of TGF-␤1 molecule, which is one of the most important mediators of lung fibrosis (43), was similarly increased in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mice during recovery. This result is in agreement with a recent publication showing that Bid Ϫ/Ϫ mice were protected from bleomycin-induced lung fibrosis, although they presented levels of active TGF-␤1 equivalent to those of wild-type mice (7, 27) . Therefore, the increase in profibrotic cytokine secretion seems to be insufficient to trigger a fibrotic process. In summary, PARP-1 seems to control the early steps of cell repair after hyperoxia-induced injury and is not implicated in the profibrotic process.
Most of the pathophysiological models in which tissue injury is reduced by the absence or inhibition of PARP-1 activity are characterized by cell death and intense inflammatory response (asthma, LPS-induced acute lung injury, ischemia-reperfusion brain and heart damage) (6, 28, 29) . In particular, inhibitors of PARP activity have been successfully used in vivo to downregulate signal transduction and inflammation in bleomycin-induced lung fibrosis or experimental colitis (17, 58) . Indeed, PARP-1 has been shown to activate NF-B transcription and therefore promote inflammation (37) . Apparently in contrast to this literature, the lack of PARP-1 and treatment with a PARP inhibitor correlated, in our model, with excessive lung cell proliferation and inflammation in vivo. We postulate that in our experimental conditions, PARP-1 has rather a role of repair molecule, directly controlling cell proliferation. Increased pulmonary inflammation may be a secondary response to excessive proliferation of lung cells, namely, fibroblasts, and may be unrelated to PARP-1 proinflammatory function. Along this line, we observed that during air recovery after hyperoxia, NF-B activity remained low and was similar in PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ mouse lungs (not shown). Indeed, no induction, but rather a downregulation, of NF-B activity has been observed in hyperoxia-exposed adult mice and has been correlated to protective effects (5, 56) .
Lungs of PARP-1 Ϫ/Ϫ mice exposed to hyperoxia and recovery for 5 days presented a strong infiltration of CD45ϩ, Mac-1ϩ myeloid cells, particularly neutrophils, as revealed by flow cytometry analysis of cell distribution and by the measure of MPO activity in lung tissue, and correlated with an increased number of neutrophils in BALFs. Accordingly, IL-6 was detected in PARP-1 Ϫ/Ϫ BALFs, whereas it was undetectable in PARP-1 ϩ/ϩ BALFs. Interestingly, we also found higher signal for CXCL13/BLC and for IGFBP-5 in PARP-1 Ϫ/Ϫ BALFs. Interestingly, CXCL13, a chemokine normally implicated in lymphoid organogenesis, has been found to participate with IL-6 in pathogenesis of lymphoproliferative disorders of the lung (18). IGFBP-5 has been shown to be expressed in idiopathic pulmonary fibrosis lung tissues, and recent evidence suggests its implication in pathogenesis of lung fibrosis (57) . The relevance of the differential production of these cytokines in PARP-1 Ϫ/Ϫ and wild-type mice deserves further investigation.
Lack of PARP activity also has been correlated with perturbations of cell cycle during exposure to sublethal DNA damage conditions, leading to absence of DNA synthesis early arrest (22) and escape of the G 1 cell checkpoint (47) . Our in vitro experiments showed that whereas in basal conditions, PARP-1 ϩ/ϩ and PARP-1 Ϫ/Ϫ primary lung fibroblasts have similar rates of growth (not shown), PARP-1 Ϫ/Ϫ primary lung fibroblasts show a higher proliferative response, measured by BrdU and [ 3 H]thymidine incorporation, during recovery after cell growth arrest in acute hyperoxia. The higher rate of PARP-1 Ϫ/Ϫ fibroblast proliferation during recovery correlated with less apoptosis in these conditions, as shown by the analysis of cleaved caspase-3, a hallmark of apoptosis signaling (30) . In contrast, absence of PARP-1 did not affect cleaved caspase-3 expression during acute hyperoxia, confirming our previous data showing that the treatment with the PARP inhibitor 3-AB did not affect hyperoxiainduced cell apoptosis of primary lung fibroblasts (36) . Therefore, PARP-1 seems to have a less important role in hyperoxia-induced cell death in vivo, but rather controls lung repair after hyperoxic stress (36) .
It is known that exposure to oxygen induces cell cycle arrest at specific checkpoints to allow DNA damage repair (32) . Checkpoints change according to the cell type and the presence or absence of specific cell cycle regulatory molecules (33, 40) . Although the murine fibroblastic cell line (L929) arrested at the G 2 -M checkpoint when exposed to hyperoxia (not shown), we detected cell proliferation arrest (absence of BrdU or [ 3 H]thymidine incorporation) but were unable to show cell cycle arrest at a precise checkpoint in lung primary fibroblasts (not shown). This is probably due to the intrinsic nature of primary cells that are not synchronized in their cell cycle as transformed cell lines.
In summary, our work reveals a crucial role for PARP-1 in regulating lung cell repair after hyperoxia-induced acute injury. These results also underline that lung cell proliferation after a primary insult can increase the inflammatory response, without initiating the fibrotic process, despite increased levels of TGF-␤1. This suggests that fibrosis is the result of dysregulation of multiple checkpoints, one of them being controlled by PARP-1.
